Seawater samples from several depths in the Sargasso Sea and equatorial Pacific and from surface stations in Biscayne Bay were analyzed for dissolved free amino acids and dissolved combined amino acids by a ligand-exchange chromatography technique. Enantiomeric ratios of dissolved total amino acids from Atlantic and Pacific samples were also determined.
Because of the importance of dissolved amino acids in the marine food chain, the role of these compounds as excretion products and as nutrient sources is being thoroughly investigated in estuarine and nearshore environments ( e.g. Riley and Segar 1970; Wheeler et al. 1974; Crawford et al. 1974; North 1975) . The abundance, distribution, and role of amino acids in the open ocean has received much less attention (Pocklington 1972; Lee and Bada 1975) . The role of amino acids is not necessarily the same in coastal and open ocean environments, especially considering the much lower (about a tenth) concentrations found in the open ocean.
One particular chemical property of amino acids, their capacity to exist as either D- or L-enantiomers, is now being investigated in many natural systems (Bada and Schroeder 1975) . In living systems the L-enantiomer is by far the more common, although n-amino acids do exist in nature as constituents of bacterial cell walls and in peptide antibiotics ( Meister 1965) . n-amino acids are also found in the environment as 1 This work was funded by National Science Foundation grants GA-40804 and GB-25121 and was part of a thesis submitted by C. Lee a product of racemization, which converts the L-enantiomers into a racemic mixture.
We here compare concentrations of dissolved free and combined amino acids in samples from an open ocean station in the Atlantic Ocean and coastal stations in Biscayne Bay with data from the equatorial Pacific reported earlier (Lee and Bada 1975) . Enantiomeric ratios determined for amino acids from Atlantic and Pacific water samples and pure cultures of phytoplankton are also reported and discussed.
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Methods
Seawater samples were collected at a station (33'41'N, 57'36'W) in RV Manateas (U. Miami) in gallon (4 liter) glass bottles and returned to shore for analysis within a few hours. Both free and combined amino acids were isolated by an adaptation of the ligand-exchange chromatography technique described by Siegel and Degens ( 1966) and then analyzed on a Beckman-Spinco model I.18 automatic amino acid analyzer. Basic amino acids (e.g. lysine, arginine, histidine, and ornithine) were not analyzed in every sample because a second analyzer column is required for their determination; since concentrations of these were small, they are not included in the discussion. Methods of shipboard handling, filtering, analysis, and contamination prevention are described in detail by Lee and Bada (1975) and Lee ( 1975) .
Enantiomeric ratios of the isolated amino acids were determined in various ways. Ratios for samples from the Sargasso Sea and from Scripps pier (October 1974) were determined either directly on the analyzer or by using the diastereomeric dipeptide technique of Manning and Moore ( 1968) , modified by Bada and Protsch (1973) for geochemical studies. Total dissolved amino acids were isolated from large-volume (z 6-8 liter) seawater samples by ligand-exchange chromatography. Isoleucine and its epimer, allo-isoleucine, were separated directly on the amino acid analyzer during a normal, two-buffer elution scheme. The extent of racemization of aspartic acid was determined by reacting the isolated aspartic acid with L-leucine-N-carboxyanhydride to form diastereomeric dipeptides, which were then separated on the amino acid analyzer.
Enantiomeric ratios of amino acids in 2-liter water samples from the central equatorial Pacific (September 1971; 3'55'S, 152'51'W) were determined by gas chromatography of the amino acid N-trifluoroacetyl ( + ) -2-butyl esters ( analyses done by E. Peterson by the method of Kvenvolden et al. 1972) . The values for these ratios are not as reliable as those for the Sargasso Sea and Scripps pier samples because the amount of amino acid isolated was lower, Lee 1975) . Amino acids were isolated from the phytoplankton samples by hydrolyzing the filtered plankton in 6 N I-ICI for 24 h, evaporating the acid, and desalting the residue. Enantiomeric ratios were determined by the procedures described above for the Sargasso Sea and Scripps pier water samples.
Results and discussion
The results of analysts of dissolved free amino acids (DFAA) and dissolved tota amino acids (DTAA) are shown in Fig. 1 for the Sargasso Sea and Fig. 2 for Biscayne Bay. For comparison, the equatorial Pacific profiles previously described (Lee and Bada 1975) solved combined amino acids (DCAA) is much higher than that of the free amino acids. Since the DFAA concentrations are small and fairly constant, variations in the DTAA profiles reflect variations in DCAA. The Sargasso Sea waters have lower total concentrations of DTAA and DFAA at every depth than the Pacific waters. The concentrations of DTAA in Biscayne Bay surface waters are very high close to shore but decrease away from the coast, approaching the generally lower open ocean concentrations about 13 km from land. The surface DFAA concentrations appear to be fairly constant regardless of distance from short and very similar to the open ocean concentrations of the Sargasso Sea.
The enantiomeric ratios for both Atlantic and Pacific stations are shown in Table 1 . These ratios are significantly higher than what can be attributed to the acid hydrolysis step during the analytical procedure, e.g. D : L aspartic acid = 0.07, D : L alanine = 0.03 and allo-isoleucine : isoleucine = 0.01 (Bada unpublished; Bada and Protsch 1973; Manning 1970) . Enantiomeric ratios dctermined for two marine algae are also shown in Table 1 . Skeletonema costatum, a diatom, showed a D : ~-Asp ratio of 0.11, while Anabaenopsis, a blue-green alga, showed a D : ~-Asp ratio of 0.12. Al10 : Ile ratios were less than 0.01 in both algae. The higher enantiomeric ratios in the seawater samples indicate that the amino acids have some source other than phytoplankton. Possible sources of n-amino acids are both chemical and biological. Bada and Schroeder ( 1975) have shown that chemical racemization of amino acids can be a major source of n-amino acids over geologic time. Bacterial production must also be considered a plausiblc source. Racernixation-Mixing times for oceanic deep water have been reported as 570 years in the North Atlantic and 1700 years in the South Pacific ( Craig 1971). The 14C age of DOC isolated from 3,500-m water in the eastern Pacific has been reported as 3,400 years (Williams et al. 1969) . The extent of raccmization that would occur during these periods is shown in Table 2 . The racemization which takes place during the acid hydrolysis step (Asp, 0.07; Ala, 0.03; Ile, 0.01) would completely obscure any differences that might be due to seawater age. So racemization during typical oceanic mixing periods and that which occurs during sample preparation cannot account for the D : L amino acid ratios found in oceanic waters.
It could be postulated that an increased rate of racemization due to metal-ion catalysis would account for the enantiomeric ratios. This seems unlikely since most amino acids in seawater are in combined form; the amino group is bound as part of a peptide or some other linkage and is not free to chelate with metal ions. Since race- mization does not seem to be an important process in seawater, such a large difference in enantiomeric ratio between a productive Pacific area and a more oligotrophic Atlantic area suggests that the n-amino acids are due to biological factors instead.
Bacterial productiown-amino acids, notably n-glutamine, n-alanine, and n-aspartic acid, have been found in the cell walls and capsules of bacteria ( Meister 1965) . Several other n-amino acids have been found in the extracellular waste products of bacteria (Rydon 1948). However, no data for specifically marine bacteria have been reported. If the marine bacteria do contain n-amino acids, the high enantiomeric ratios in the DTAA could be due to bacterial decomposition products, or whole bacteria, passing through the GF/C filters into the water samples. Hobbie et al. (in prep.) found that about 60% of natural bacteria from the southeast Atlantic Ocean passed through Whatman GF/C filters, as determined by direct counts. To determine whether this fraction from whole bacteria could contribute the n-amino acids, we can make a simple calculation for an "average" ocean. With an estimate of 5 mg C mm8 for surface bacterial biomass ( Sorokin 1971)) the filtering experiment result of 40% removal of bacteria, and an estimate of 75% for the percent amino acids in the carbon fraction of bacteria (a maximum value based on total N existing as amino acids), about 50 nM DCAA could be attributed to bacteria in surface waters. This maximum value is about lo-15% of the surface DTAA concentrations in the equatorial Pacific and seaward Biscayne Bay and about 30% of the concentrations in the Sargasso Sea. The addition of the n-amino acids from living bacteria which pass the GF/C filter could just account for the enantiomeric ratios measured here. It is likely, however, that a considerable portion of the n-amino acids are from bacterial decomposition products rather than from living bacteria.
An alternative explanation to direct bacterial addition is that some sort of selective removal process is occurring in the oceans. This could involve bacterial production of both D-and L-enantiomers (with perhaps some addition of n-enantiomers by racemization), but biological removal of only the L-amino acids. Evidence suggests, however, that organisms do metabolize n-amino acids (La Rue and Spencer 1966; Rydon 1948) . If the metabolism of both enantiomers occurs in the oceans, a preferential biological concentration of one enantiomer is unlikely.
Cycle of amino acids in seawater-Although bacteria may be contributing amino acids to the DTAA fraction, they are also probably taking up amino acids. There is no direct proof for uptake of DCAA by bacteria, but a case can bc made for such heterotrophic uptake by looking at the cycle of DFAA in the marine food chain. Briefly, the cycle involves decomposition of phytoplankton to form free amino acids, release of DFAA by the phytoplankton, or consumption of the phytoplankton by zooplankton, which in turn excrete DFAA directly into seawater. Once the amino acids are dissolved in the seawater, they are immediately subject to consumption by either heterotrophic bacteria or, in some extremely low-nitrogen waters, phytoplankton, If the amino acids are ingested by heterotrophic bacteria, they are eventually returned to the sea after the bacteria are consumed by zooplankton, thus completing the cycle.
Parts of this cycle are easier to measure than others. Direct measurements have been made of release of amino acids by zooplankton, uptake of amino acids by heterotrophs, and uptake of amino acids by phytoplankton.
Most of these studies were done with synthetic 14C-labeled amino acids in concentrations much higher than those reported here. But, regardless of the concentrations used, the possibility of the existence of each source and sink was demonstrated. However to measure rates at which these processes are occurring in natural waters, we need direct measurements of DFAA.
Webb and Johannes (1967) calculated a turnover time of 1 month for surface DFAA in the open ocean, using an average literature value of 400 nmole DFAA liter-l. This turnover time is the time it takes zooplank- ton, with no addition from any other sources, to release an amount of free amino acids equal to the amount in solution and is, therefore, a maximum value. Using an average DFAA surface ocean value of 4 pg liter-l (or about 0.6 mg a-amino N m-3) and appropriate values for temperature and zooplankton density, we calculate a turnover time of only l-2 days instead of the 1 month reported earlier. This is close to turnover times reported by Hobbie et al. (1968) for the York River Estuary.
Although zooplankton are probably the most important source, if the release of DFAA into seawater from other organisms ( microzooplankton, phytoplankton) and even from detritus is taken into account, the turnover time would be even shorter.
In deeper waters, the situation is more complex. DFAA concentrations are close to zero-when reagent blanks are subtracted. Density of zooplankton is probably close to zero, so that the formula developed by Webb and Johannes cannot be used. Williams (1970) reported that heterotrophic uptake at 2,000 m in the Mediterranean Sea approaches zero. This implies that the turnover rate is probably very low.
The turnover rate for surface waters can be calculated as the reciprocal of the turnover time determined by the formula of Webb and Johannes. Since the turnover time is very brief, the turnover rate is very rapid. This rapid turnover rate and the very low concentrations of DFAA in surface waters suggest that DFAA could become growth limiting. Since there is no evidence that DFAA ever limit growth, it is probable that heterotrophs USC another source of amino acids in the oceans, It is entirely plausible that such a source could be the combined amino acid fraction, Direct bacterial consumption of combined amino acids in the water is possible, since it is known to occur in surface sediments ( Oppenheimer 1960; Borodovskiy 1965) .
Specific profiles-The DFAA profiles agree with the turnover rate theory above. The uniformly low DFAA concentrations indicate that areas of higher productivity have faster DFAA turnover rates, as expected. Even surface samples taken in a relatively productive coastal area such as Biscayne Bay show uniform, low DFAA concentrations. The constancy of the surface Biscayne Bay fret amino acids is especially dramatic because the DCAA concentration changes so much (Fig. 2) with distance from shore. Even though the first five surface samples were taken within the bay, a shallow, enclosed, well mixed area, the DCAA concentration decreased by 300% from the beach to the bay entrance. This decrease most likely reflects a decrease in direct terrigenous supply or in productivity due to a terrigenous nutrient input. DFAA concentrations, however, show no such decrease, indicating that DFAA must be consumed at a much faster rate than DCAA or, less likely, that DFAA production is independcnt of distance from a major nutrient source.
In contrast to the relative uniformity of the DFAA surface and depth profiles, the DTAA (or DCAA) profiles show some interesting variations which may be attributed to bacterial consumption. Sorokin ( 1971)) using direct bacterial counts, and HolmHansen and Booth ( 1966), using adenosine triphosphate (ATP) measurements, found similar bacterial biomass profiles in North Pacific Ocean waters. Their profiles show a large bacterial biomass maximum just below the surface ( 25-50 m ) and a second smaller maximum at 300-500 m. Holm-Hansen (1969) later found the deeper ATP maximum missing and observed much lower concentrations near the same station, implying some variation or patchiness in biomass.
The DCAA profiles observed in the Pacific (Fig. 4) might be explained in terms of these biomass profiles. In the photic zone, production of amino acids is quite large since the concentration of phytoplankton and zooplankton is relatively high. In the subphotic 200-600-m waters, where planktonic amino acid production is not as great, the bacterial biomass is at a maximum concentration and consumption is thus greater. This causes a distinct minimum in the DCAA profiles. The difference in relative sizes of this minimum between stations 1 and 2 in the equatorial Pacific can be explained in terms of the physical oceanography of the area. Station 1 lies on the north edge of the Cromwell Current, a large, swiftly moving, subsurface countercurrent flowing due east along the Equator. Station 2 is east of the Galapagos, and Knauss ( 1963) has shown that those islands successfully block the Cromwell Current from proceeding eastward. Pak and Zaneveld ( 1973) have shown that the Galapagos deflect the current to the north of the Equator, effectively bypassing station 2. Fortuitously, Sorokin ( 1971) measured bacterial biomass in an equatorial Pacific station and found a very large peak in the subphotic zone, much greater than surface concentrations, which he attributed to the Cromwell Current. He believed this peak to be caused by a zone of neutral buoyancy, a barely perceptible density gradient. Such zones have also been reported by Karl et al. ( 1976) ) Craig et al. (1972), and Parsons and Seki ( 1970) .
The Sargasso Sea DCAA profile further supports the bacterial consumption theory. ATP measurements for this area indicate a maximum in bacterial biomass at about 800-1,000 m in the oxygen minimum layer (Karl ct al. 1976 ). The Sargasso Sea DCAA profile (Fig. 1 ) is fairly uniform with depth however, especially in comparison to the Pacific stations (note that the scales are different for the two figures). The Atlantic concentrations arc also lower than the two Pacific stations, especially at the surface. This is not especially surprising, since the Sargasso Sea is more oligotrophic than the equatorial Pacific and phytoplankton productivity is lower (Ryther 1963) .
What the Sargasso Sea profile does suggest, however, is that the DCAA concentration may have to reach some threshold level before it can support bacterial growth. This idea has been proposed by Jannasch ( 1967) for the use of organic compounds by marinc bacteria and by Parsons and Seki ( 1970) for the use of POC by zooplankton.
Jannasch found that heterotrophic marine bac-'teria required minimum concentrations of lactate, glycerol, and glucose before they could grow, and Parsons and Seki found that the concentration of particulate organic carbon had to reach some threshold level before it could support filter-feeding zooplankton. These investigators agree that such a threshold level represents a steady state concentration characteristic of the particular substance (POC, lactate, etc.) in seawater. The low DCAA concentrations in the Sargasso Sea may well be near or below this threshold level. Inspection of the equatorial Pacific profiles shows a minimum level (about 120 nM ) below which DCAA concentration does not decrease. This dots appear to be a steady state concentration. The Sargasso Sea profile shows a slightly lower average concentration ( about 100 nM ) . This may mean that because of lower surface porductivity, DCAA concentration may never have reached a level suitable to act as a nutrient for hetcrotrophs. If this threshold level theory is correct, then heterotrophs must have some other source of nutrient supply (POC, perhaps), and consumption of DCAA takes place only when the supply is abundant. Similarly, the low, uniform free amino acid concentrations in both surface and deeper waters could be explained by this threshold level argument.
Even though the results of our study give evidence to support or negate various of the biological and chemical theories discussed above, we feel that there is still a major difficulty in the way of understanding the role of specific organic compounds, such as amino acids, in seawater. This entire study of dissolved amino acids in seawater was based on the practical definition of dissolved organic matter as the material which passes through a certain size filter (in this case, Whatman GF/C). Bacteria arc in the size range of the various filters being used by workers in the field today and may or may not pass through the filter depending on the size of both filter and bacteria. Our study and other studies of specific organic compounds in natural waters show the importance of bacteria in the biological and chemical cycles in oceanic and lacustrine waters. We believe that the various size classes of organic matter in the sea should be studied in the future and that perhaps the concepts of dissolved and particulate organic matter should be discarded. 
